This manuscript considers a team of Unmanned Underwater Vehicles (UUVs) such that each UUV measures the arrival time of sound signal generated from the evader. The purpose of the UUV team is to intercept the underwater evader based on the arrival time measurements. We present both the motion control for the UUV team and the algorithm to estimate the evader position in real time. In this manuscript, the UUVs chase the evader while preserving a 3D spherical formation. Moreover, the formation size is controlled adaptively to assure the convergence of the evader estimation. Our tracking approach doesn't require global localization of every UUV. The proposed approach only requires that the central UUV measures the relative position of any other UUV using proximity sensors. Simulations are utilized to verify the effectiveness of the proposed method.
I. INTRODUCTION
Nowadays, Unmanned Underwater Vehicles (UUVs) are utilized for many purposes, such as underwater survey or chasing targets. This manuscript considers a team of UUVs such that each UUV measures the arrival time of sound signal generated from the evader. The role of the UUV team is to estimate the evader's position based on the arrival time measurements and to chase the evader using the estimation results.
Many papers exist on multi-agent systems [1] - [16] . Multiagent systems can be utilized to tackle many tasks, such as monitoring environments [17] , multi-robot herding [18] , sensor deployment [1] , [8] , [19] - [21] , and collective transport of robots [22] . Reference [7] presented multi-robot controllers for source seeking utilizing a mobile sensor formation. References [11] , [23] - [28] utilized distributed robots to track The associate editor coordinating the review of this manuscript and approving it for publication was Shun-Feng Su.
an evader. References [23] , [26] controlled multiple mobile sensors to estimate the position of an evader in real time.
The authors of [29] considered the case where each robot measures line-of-sight range and angle of the evader. To achieve these bearing-range measurements, each robot must emit active sonar pings periodically. However, active sonar pings cannot reach a long distance, thus cannot be used to detect a far-field evader.
In this manuscript, every UUV measures the arrival time of sound signal generated from the evader. The evader cannot detect a UUV's presence, since our measurements are passive in nature. Moreover, the proposed systems are powerefficient and much simpler than active sonar sensors, since we only need to measure the time stamp of receiving a sound signal.
This manuscript considers localizing an evader, which generates a sound signal in underwater environments, using multiple UUVs. Many papers handled localizing an evader based on various sensor measurements [30] - [40] . In order to localize an evader, many estimation algorithms can be utilized, such as time of arrival (TOA), time difference of arrival (TDOA), angle of arrival (AOA), and received signal strength.
Time Difference of Arrival (TDOA) was utilized to localize an evader generating a signal [41] - [50] . TDOA doesn't require time synchronization between an evader (emitter) and a receiver. Hence, TDOA can be utilized to locate an enemy evader (emitter) whose time information is not available to the receiver. Moreover, TDOA doesn't require an array of hydrophones, which is required to sense the angle of arrival (AOA) of a sound wave. In this manuscript, we utilize a TDOA algorithm to estimate the evader position.
We present both the motion control for the UUV team and the TDOA algorithm to estimate the evader position. In this manuscript, the UUVs chase the evader while preserving a spherical formation. If the distance between the evader and the UUVs is much longer than the formation size of UUVs (far-field evader), then the time measurement difference between UUVs is too small to generate a reliable evader estimation. This case, the estimation result under a TDOA algorithm diverges. Thus, the formation size is controlled adaptively to assure the convergence of the evader estimation.
Localizing a UUV is not trivial, since Global Positioning System (GPS) cannot be utilized in underwater environments [51] - [53] . While traveling in underwater environments, UUVs typically estimate their positions by utilizing dead reckoning localization based on inertial navigation sensors. However, UUVs are pushed off by varying ocean currents, accumulating localization error as time goes on.
Our tracking approach doesn't require global localization of every UUV. The proposed approach only requires that the central UUV measures the relative position of another UUV using proximity sensors, such as Ultra-short baseline (USBL). This relative position measurement is feasible, since we control the UUVs while maintaining a spherical formation.
As far as we know, this manuscript is unique in utilizing multiple UUVs for tracking an evader in 3D environments, considering the case where every UUV measures the arrival time of sound signal generated from the evader. Simulations are utilized to demonstrate the effectiveness of the proposed approach.
The preliminary information of the manuscript is presented in Section II. Assumptions and definitions are presented in Section III. The team maneuver control is discussed in Section IV. Simulation results are presented in Section V. Section VI provides Conclusions.
II. PRELIMINARY INFORMATION A. TIME DIFFERENCE OF ARRIVAL (TDOA) IN THE LOCAL COORDINATE FRAME
In this article, M UUVs are utilized such that every UUV measures a sound signal generated from an evader. A UUV locates the relative position of the evader utilizing the Time Difference of Arrival (TDOA) information of the evader.
Suppose that M , the number of total UUVs, is selected to satisfy that
(1)
Here, G > 1 is a positive integer. S i (i ∈ {1, 2, 3 . . . , M }) indicates the i-th UUV. Let S 1 denote the leader at the center of spherical the formation. All other UUVs are called followers.
Suppose that S 1 is located at the origin of the local coordinate frame. The local coordinate frame is selected such that its x-axis is in the North direction and that its y-axis is in the East direction. Moreover, its z-axis is in the Depth direction. In other words, the local coordinate frame is North-East-Depth (NED) frame with the leader's position at the origin.
In the local coordinate frame, (x i , y i , z i ) is the position of S i . In other words, (x i , y i , z i ) is the relative position of S i with respect to S 1 .
Let t i indicate the time stamp when a signal (sound signal) is measured to arrive at S i . Let C indicate the speed of sound signal.
Considering the arrival time error of a UUV, we have
Here, n i is measurement noise for the i-th UUV. n i is a zero-mean Gaussian noise with standard deviation σ . In (2), (x, y, z) is the evader's position in the local coordinate frame, i.e., (x, y, z) is the relative location of the evader with respect to the leader. (x, y, z) satisfies that
where t i,j = t i − t j . (x i , y i , z i ) and (x j , y j , z j ) are coordinates of S i and S j , respectively. In (3), α = (x i − x, y i − y, z i − z) , and β = (x j − x, y j − y, , z j − z) . Also, (a, b, c) = √ a 2 + b 2 + c 2 is the L 2 norm of a 3D vector (a, b, c).
B. MAXIMUM LIKELIHOOD (ML) ALGORITHM
Reference [49] presented the Maximum Likelihood (ML) algorithm to locate an evader. The ML algorithm is to estimate the true evader position E based on sensing measurements. In TDOA problems considered in this article, a set of time measurements s m is collected at M receivers as follows.
Considering measurement noise, one has
Here, n is the noise term and is a multivariate Gaussian random noise with zero mean and covariance matrix, say N n . Also, E is the true evader position in the local coordinate frame. In other words, E is the relative location of the evader with respect to the leader. The ML algorithm is to iteratively update the evader esti-mationÊ for minimizing the following cost function:
The ML algorithm requires an initial conjecture ofÊ. To avoid the case where the ML solution is trapped in a local minimum of Q(Ê), it is desirable that the initial conjecture of E is as close to the true evader location E as possible.
Let
∂Ê present the matrix of derivatives evaluated at a reference positionÊ. See [49] for the derivation of G f . Utilizing G f , one iteration of the ML algorithm iŝ
The authors of [49] presented the derivation of (7) . During each iteration of the ML algorithm, the previous evader estimation is utilized to generate a new evader estimation. This estimation algorithm continues until the evader estimation converges or the iteration number reaches a certain threshold. Note thatÊ is the estimated evader location in the local coordinate frame whose origin is at the leader's position.
Let V present the covariance matrix ofÊ. (7) leads to
V represents the uncertainty of its associated estimationÊ. The authors of [49] discussed the rigorous derivation of (8).
III. THE ASSUMPTIONS AND DEFINITIONS
This section discusses assumptions and definitions. This manuscript considers the discrete-time system, where T represents the sampling interval. In this manuscript, the UUVs chase the evader while preserving a spherical formation. Recall that we have M = 1 + G 2 UUVs in total. r i,k (i ∈ {1, 2, . . . , M }) is the 3D global coordinate of the i-th UUV at sampling step k. r 1,k is the global coordinate of the leader. It is assumed that global localization of a UUV is not available, i.e.,r i,k (i ∈ {1, 2, . . . , M }) is not available. v i,k indicates the speed of the i-th UUV at sampling step k. v e k is the evader's speed at sampling step k. Note that the subscript k is utilized to indicate the sampling step k.
The movement model of the i-th UUV (i ∈ {1, 2, . . . , M }) is
Here, u i,k is a 3D vector representing the heading direction of the i-th UUV at step k.
To preserve the spherical formation during a maneuver, we assume that
for all i, k.
Let r e k represent the evader's global location at sampling step k. r e k − r 1,k is the evader's relative position and is the evader's position in the local coordinate frame in Section II-A.
Suppose that the i-th UUV (i ∈ {1, 2, 3, . . . , M }) measures the time stamp t i when the evader's sound signal arrives at the UUV. Then, the leader estimates the evader's relative position r e k − r 1,k using the time measurement data (t i where i ∈ {1, 2, 3, . . . , M }) and the ML algorithm in Section II-B. Here, hat operator inr e k is utilized to indicate an estimation of r e k . Our tracking approach doesn't require global localization of every UUV. The proposed approach only requires that the leader measures the relative position of a follower using proximity sensors.
IV. MANEUVER CONTROL A. CONTROL OF UUV TEAM 1) CONTROL OF THE LEADER
We discuss the motion control of the leader. The leader estimates the evader's relative position (The TDOA algorithm in Section II-A can be utilized for this estimation).
Suppose that the evader's signal is generated at sampling step k . However, a sound signal cannot travel with infinite speed in underwater environments. Thus, there exists time delay between k and the sampling step when the leader estimates the evader position. Let k d denote the time delay in sampling steps. In other words, the leader at sampling step k + k d estimates the evader position at sampling step k .
We present how to estimate k d . Letk d denote the estimated value of k d . It takes some time for a sound signal to be transmitted from the evader to a follower. Moreover, it takes some time for a signal to be transmitted from the follower to the leader. Considering a spherical formation, we get
Using (11) and the fact that k d is an integer,k d is calculated ask
This implies that as the multi-agent system approaches the evader, the time delay decreases. Moreover, as the formation size decreases, the time delay decreases. In Section V, we show that as we increase the number of UUVs, the formation size decreases under the proposed control. This is desirable, since we can decrease the time delay in the system. The leader heads towards the evader's relative position using the following control law. At every sampling step k, the leader calculates u 1,k based on the following equation.
Here,r e k−k d − r 1,k is available using the TDOA algorithm in Section II-A. However, our tracking control doesn't require r 1,k . This implies that we do not have to localize the leader in a global coordinate system.
Note that the TDOA method provides an evader estimation which is delayed by k d time steps. This delay is not desirable especially in the terminal phase, since the leader must meet the evader in the terminal phase.
Thus, in the case where the leader is sufficiently close to the evader, the leader can use active sonar sensors to localize the evader directly. Active sonar sensors can provide the relative position of the evader with respect to the leader. Thus, if r e k−k d − r 1,k is sufficiently short, then the leader uses active sonar sensors to detect the evader's position directly. Then, the leader heads towards the detected evader position while not using the TDOA method.
2) CONTROL OF A FOLLOWER
We next discuss the maneuver control of a follower. Our tracking approach requires that the leader measures the relative position of a follower using proximity sensors, such as USBL. Using the relative position information, we generate new wayPoints of all followers.
Recall that G appears in (1) . Let g 1 ∈ {0, 1, 2, . . . , G − 1} and g 2 ∈ {0, 1, 2, . . . , G − 1}. We first define a 3D column vector Q g 1 ,g 2 k as follows.
Here, φ g 2 = 2 * π * g 2 G and θ g 1 = π/4 + 3 * π * g 1 4 * G . Moreover, s( * ) indicates sin( * ), and c( * ) indicates cos( * ). Q g 1 ,g 2 k is a 3D unit vector with azimuth angle φ g 2 = 2 * π * g 2 G and polar angle θ g 1 = π/4 + 3 * π * g 1 4 * G . Let n be defined as follows.
Since
Here, (1) is utilized. Then, the headingPoint for the n-th UUV (n = G * g 1 + g 2 + 2) is defined as
Here, R c k is the radius of the spherical formation at sampling step k. According to (17) , w n,k+1 − r 1,k+1 is R c k . w n,k+1 (n ∈ {2, 3, . . . , M }) is on a sphere with radius R c k , whose center is at r 1,k+1 .
The heading direction of every follower is selected so that the follower heads towards w n,k+1 at every sampling step k. u n,k is determined as follows.
Using (17), we further derive
Here, r 1,k+1 − r n,k is available, since the leader can access the relative position of a follower.
Consider the case where r n,k − w n,k+1 < v n,k T . This case, the n-th UUV (n ∈ {2, 3, . . . , M }) is adjacent to its associated headingPoint. Then, the UUV changes its speed to w n,k+1 −r n,k T , which results in Once (20) is satisfied for all n ∈ {2, 3, . . . , M }, then all followers form a spherical formation at sampling step k + 1.
Let us consider the case where r n,k − w n,k+1 < v n,k T at every sampling step k. This case, (20) is satisfied at every sampling step k. Then, the spherical formation can be preserved while pursuing the evader. Using (10), it is highly likely that (20) is satisfied at every step k.
Suppose that (20) is satisfied at every sampling step k. It is proved that as the i-th UUV moves from w i,k to w i,k+1 , it doesn't collide with the j-th UUV moving from w j,k to w j,k+1 .
Theorem 1: Suppose that (20) is satisfied at every sampling step k. As the i-th UUV moves from w i,k to w i,k+1 , it doesn't collide with the j-th UUV moving from w j,k to w j,k+1 .
Proof: Let l(A, B) denote the line segment connecting two vertices A and B. Also, let l(A, B) denote the length of l(A, B).
Using (17), l(w i,k , r 1,k ) is parallel to l(w i,k+1 , r 1,k+1 ). Also, l(w j,k , r 1,k ) is parallel to l(w j,k+1 , r 1,k+1 ). (17) further leads to l(w i,k , r 1,k ) = l(w j,k , r 1,k ) = R c k−1 . Moreover, l(w i,k+1 , r 1,k+1 ) = l(w j,k+1 , r 1,k+1 ) = R c k . Hence, the line segment connecting w i,k+1 and w j,k+1 is parallel to the line segment connecting w i,k and w j,k . See Figure 1 for an illustration.
Thus, the line segment connecting w i,k and w i,k+1 doesn't meet the line segment connecting w j,k and w j,k+1 . It is proved that as the i-th UUV moves from w i,k to w i,k+1 , it doesn't collide with the j-th UUV moving from w j,k to w j,k+1 .
B. HANDLING THE SITUATION IN WHICH THE EVADER ESTIMATION IS NOT RELIABLE
In this manuscript, the UUVs chase the evader while preserving a spherical formation. If the distance between the leader and the evader is much longer than the formation size (farfield evader), then the time measurement difference between UUVs is too small to generate a reliable evader estimation under our TDOA algorithm in Section II-A. Hence, the formation size is controlled adaptively to derive a reliable evader estimation.
At every sampling step k, we generate an evader estimation E and its associated uncertainty (variance) V (see (8) ) using the TDOA method in Section II-A. The uncertainty of an estimate can be observed by checking the variance of the estimate.
If the trace of V , say Tr(V ), is smaller than a certain threshold, say Thres, then this implies that the associated estimateÊ is reliable (accurate). If the evader estimation is not reliable at sampling step k, then we increase the radius of the spherical formation using
Here, > 1 is a positive constant. As the radius of the formation increases, the time measurement difference between UUVs increases. Hence, the evader estimation result improves.
Consider the case where the measurement noise is large or the distance between the leader and the evader is much longer than the formation size. In this case, the formation size increases (using (21)) until the evader estimation becomes reliable (Tr(V ) < Thres).
The ML algorithm in Section II-B is an iterative algorithm to derive a solution. Hence, the ML algorithm requires good initialization for its convergence.
Consider the case where the current sampling step is k and Tr(V ) calculated at the previous sampling step k − 1 is less than Thres. In other words, the estimationÊ calculated at the previous sampling step k − 1 is reliable. This case,Ê calculated at the previous sampling step k − 1 is utilized to initiate the ML algorithm at sampling step k.
There may be a case where the estimationÊ calculated at the previous sampling step is not reliable. This case, least square TDOA solutions in [54] are utilized to initiate the ML algorithm. Note that the solutions in [54] do not require the initial conjecture of the evader location.
E doesn't exist at the sampling step -1. Therefore, least square TDOA solutions in [54] are utilized to initiate the ML algorithm at sampling step 0.
V. SIMULATIONS
In this section, we demonstrate the effectiveness of our team motion control using MATLAB simulations. [55] utilized Frenet-Serret frames [56] to model the movement of an evader. As the motion model of the evader in simulations, the natural Frenet-Serret frame [57] is utilized:
Consider an evader which changes its speed (Scenario 1). In this figure, the evader and the leader are depicted with blue asterisks and red circles respectively. Also, all followers are shown with yellow circles. Using 10 UUVs, the evader is caught at 787 seconds.
In (22), A 1,k is the orientation of the evader at sampling step k. Any two vectors in the following three vectors (A 1,k , A 2,k , A 3,k ) are orthogonal to each other. u e 1,k and u e 2,k are curvature controls at sampling step k. In this section, we utilize (22) to simulate the evader's motion.
The sampling interval T = 1 second. The speed of sound in underwater environments is C = 1400 m/s. σ = 0.0001, which is associated to the distance error of C * σ = 0.14 m. = 1.2, and Thres = 10000. Initially, the evader is at (3000,100,100) , and the leader is at the origin. R c 0 = 10 m. MATLAB simulation ends as the distance between the evader and the leader is less than 10 m.
A. THE EVADER CHANGES ITS SPEED (SCENARIO 1) 1) USE 10 UUVs
We first consider an evader which changes its speed (Scenario 1). We use G = 3, which implies that N = G 2 + 1 = 10 UUVs are utilized in total. The leader's initial heading direction is [0,0,1]. Also, the evader's initial heading direction is [ 1
, 0]. The leader's speed is v p = 10.5 m/s. The evader's speed v e = 7+1.5 * sin(t * 0.1) m/s. Here, t represents the elapsed time in second. The evader doesn't change its heading by setting u e 1,k = 0 and u e 2,k = 0. Considering Scenario 1, Figure 2 represents the evader and the leader with blue asterisks and red points respectively. Also, all followers are shown with yellow circles. Using 10 UUVs, the evader is caught at 787 seconds. Figure 3 (a) represents the distance between the evader and the leader as time elapses. See that the UUVs approach the evader until the evader is caught. Figure 3 (b) represents the change of the formation radius as time elapses. Initially, the formation size increases to improve the evader estimation.
2) USE 50 UUVs
Next, we use G = 7, which implies that N = G 2 + 1 = 50 UUVs are utilized in total. We apply Scenario 1 while using 50 UUVs. Figure 4 represents the evader and the leader with blue asterisks and red points respectively. The evader is caught at 751 seconds. Using 50 UUVs, we can decrease the capture time compared to the case where 10 UUVs are used. As we use more UUVs, the evader estimation improves, which decreases the capture time. Figure 5 (a) represents the distance between the evader and the leader as time elapses. See that the UUVs approach the evader until the evader is caught. Figure 5 (b) represents the change of the formation radius as time elapses. Using 50 UUVs, we can decrease the formation size compared to the case where 10 UUVs are used (see Figure 3 ). Using more UUVs, the evader estimation improves, thus the formation size decreases.
B. THE EVADER MANEUVERS (SCENARIO 2) 1) USE 10 UUVs
We next handle a scenario where the evader maneuvers (Scenario 2). We use G = 3, which implies that N = G 2 + 1 = 10 UUVs are utilized in total. The leader's initial heading direction is [0,0,1]. Also, the evader's initial heading direction is Considering Scenario 2, Figure 6 represents the evader and the leader with blue asterisks and red points respectively. Using 10 UUVs, the evader is caught at 439 seconds. Figure 7 (a) represents the distance between the evader and the leader as time elapses. See that the UUVs approach the evader until the evader is caught. Figure 7 (b) represents the change of the formation radius as time elapses. Initially, the formation size keeps increasing to improve the evader estimation.
2) USE 50 UUVs
Next, we use G = 7, which implies that N = G 2 + 1 = 50 UUVs are utilized in total. We apply Scenario 2 while using 50 UUVs. Figure 8 represents the evader and the leader with blue asterisks and red points respectively. The evader is caught at 428 seconds. Using 50 UUVs, we can decrease the capture time compared to the case where 10 UUVs are used. Figure 9 (a) represents the distance between the evader and the leader as time elapses. See that the UUVs approach the evader until the evader is caught. Figure 9 (b) represents the change of the formation radius as time elapses.
Using 50 UUVs, we can decrease the formation size compared to the case where 10 UUVs are used (see Figure 7 ). This implies that as we use more UUVs, we can improve the estimation results, which lead to small formation size.
VI. CONCLUSION
This manuscript considers a UUV team such that every UUV measures the arrival time of sound signal generated from the evader. The purpose of the team is to intercept the evader based on the arrival time measurements. The UUVs keep pursuing the evader while maintaining a spherical formation. The formation size is controlled adaptively to assure the convergence of the evader estimation. As our future works, we will demonstrate the proposed method using experiments with real UUVs.
This article considers the case where the formation shape is a sphere. However, any formation can be applied as long as no two UUVs are positioned at the identical location. All UUVs must be located at distinct locations in order to generate distinct time arrival measurements.
To enable the proposed control, the communication link between the leader and a follower must be established. Thus, we acknowledge that the maximum formation size is limited by the maximum communication range between the leader and a follower.
In practical engineering, UUVs suffer from model uncertainties and external disturbances. As our future works, we will consider developing robust controllers under model uncertainties and external disturbances. 
